Hookworm infection is a major cause of anemia and malnutrition in resource-poor countries. Human and animal studies suggest that infection with these intestinal nematodes is associated with impaired cellular immunity, characterized by reduced lymphocyte proliferation in response to both parasite and heterologous antigens. We report here data from studies aimed at defining mechanisms through which hookworms modulate the host cellular immune response. Splenocytes and mesenteric lymph node (MLN) cells from hamsters infected with Ancylostoma ceylanicum showed minimal proliferation in response to mitogen at days 20 and 30 postinfection (p.i.), with partial recovery noted at day 70 p.i. The proliferative capacity of enriched splenocyte T-cell preparations from infected animals following stimulation with hookworm antigens was partially restored in the presence of antigen-presenting cells from uninfected hamsters. Analysis by fluorescence-activated cell sorting revealed that hookworm infection is associated with reduced percentages of both CD4
It is estimated that more than 700 million people in resourcepoor countries are infected with hookworms, bloodfeeding intestinal nematodes that cause anemia and malnutrition (8, 14) . Together with Ascaris lumbricoides and Trichuris trichiura, the hookworms Ancylostoma duodenale and Necator americanus comprise the group of soil-transmitted nematodes that are now recognized as a major cause of global morbidity (2, 56) . Significant clinical features of hookworm infection in humans include irondeficiency anemia, hypoproteinemia, and growth delay (13, 53) . Although control strategies relying on targeted delivery of benzimidazole antihelminthics are generally effective at eliminating adult worms, reinfection occurs quickly and frequent treatments may be necessary for sustained improvement in the health of at-risk populations (50, 52) .
Although sterile immunity does not appear to develop following natural infection, data from human and animal studies confirm that hookworms elicit humoral and cellular immune responses in mammalian hosts (18) . Although the nature of this response has yet to be elucidated fully, infection appears to be associated with a mixed Th1/Th2 host cytokine profile (22, 49) . It has also been reported that hookworm infection is associated with suppression of host cellular responses to hookworm-specific and heterologous antigens (22, 45, 49) . These studies suggest that hookworms, like other parasites, effectively downregulate host cell-mediated responses, blunting development of protective immunity (1, 41, 51) .
We report here results of studies designed to characterize the effect of hookworm infection on cellular immune responses. These data, which were acquired using the hamster model of Ancylostoma ceylanicum infection, confirm that hookworm infection is associated with reduced lymphocyte proliferation following stimulation with parasite antigens or T-cell mitogen. These studies also demonstrate for the first time impaired antigen presentation, a reduction in CD4 ϩ T-lymphocyte number, and a role of nitric oxide (NO) in downregulation of the hamster cellular immune response. Together, the data provide new insights into how hookworms modulate immune responses in their mammalian hosts.
MATERIALS AND METHODS
Hookworm life cycle and pathogenesis. The A. ceylanicum life cycle was maintained by passage through Syrian hamsters as described previously (9, 30 ). Animals were housed in the Yale School of Medicine, and all experiments were carried out with prior approval of the Yale Animal Care and Use Committee. For studies of the cellular immune response to hookworm infection, 24 hamsters were infected with 75 third-stage larvae (L3) of A. ceylanicum by oral gavage. An equal number of uninfected animals served as naïve controls. On days 10, 20, 30, and 70 postinfection (p.i.), six animals (and an equal number of uninfected controls) were sacrificed, and blood, spleens, and mesenteric lymph nodes (MLN) were collected for analyses. Blood hemoglobin levels were measured using a total hemoglobin assay (Sigma Diagnostics, St. Louis, MO) as previously described (30) , and intestinal worm burdens were evaluated at each time point.
Lymphocyte proliferation assay. Spleens and MLN were harvested from naïve and infected hamsters (six animals/group). Splenocytes were depleted of red blood cells by lysis and washed with RPMI medium with 10% fetal bovine serum, 2-mercaptoethanol, antibiotics, and L-glutamine (RPMI-10) (45) . Single-cell preparations made in RPMI-10 were plated in triplicate (10 5 per well) in 96-well plates (Becton Dickinson) and stimulated with concanavalin A (ConA; 1 g/ml) (Sigma) or kept unstimulated for 24 h at 37°C with 5% CO 2 . The proliferation of cells was estimated by 5-bromo 2Ј-deoxyuridine (BrdU) incorporation using a colorimetric kit (Roche Diagnostics, Germany). The stimulation index (SI) was calculated as a ratio of the mean optical density at 450 nm of stimulated cultures to that of unstimulated cultures (60) .
Purification of spleen T cells and antigen presentation assay. T lymphocytes were isolated by passing splenocytes depleted of erythrocytes through sterile nylon wool fiber columns (Polysciences, Inc., Warrington, PA), a technique that has been shown to yield lymphocyte preparations enriched for T cells (35, 44, 59) . Irradiated splenocytes from age-and sex-matched naïve or infected hamsters were used as a source of antigen-presenting cells (APCs) (29, 36, 41) . Purified T cells were plated (10 5 per well) with APCs (5 ϫ 10 4 per well) from donor hamsters in triplicate and incubated in medium containing ConA (1 g/ml), pooled A. ceylanicum excretory/secretory proteins (ES; 5 g/ml) (9), or adult A. ceylanicum soluble protein extracts (HEX; 25 g/ml) for 24 h at 37°C with 5% CO 2 . The SIs of T lymphocytes were assessed by BrdU incorporation as described above.
Fluorescence-activated cell sorter (FACS) assay. Spleens and MLN were harvested from naïve and infected hamsters at day 20 p.i. They were processed as previously described, and single-cell preparations were made. Approximately 10 6 cells were stained with fluorescein isothiocyanate-labeled goat anti-Syrian hamster immunoglobulin G (IgG) (heavy plus light chains) and phycoerythrin-labeled anti-mouse CD4 (L3T4) for 30 min on ice in the dark. The anti-mouse CD4 antibody (L3T4) has previously been shown to cross-react with the hamster CD4 molecule (15, 16, 39) . Both labeled antibodies were purchased from eBiosciences (San Diego, CA). Cell surface determinant data were acquired for a total of 10 5 cells per sample, using a FACSCalibur flow cytometer. Data were analyzed using the FlowJo software program (Treestar, Ashland, OR), with gating on lymphocytes.
Histological staining. At day 20 p.i., sections of spleen and MLN embedded in paraffin (5 to 8 um thick) were prepared for histological staining. Tissue sections were stained with hematoxylin and eosin for examination by light microscopy.
Measurement of NO. Nitric oxide (NO) production was assayed in the supernatants of splenocytes cultured for 72 h in RPMI-10 alone or supplemented with ConA (1 g/ml), A. ceylanicum ES (5 g/ml), or HEX (25 g/ml). For this assay, 10 6 spleen cells/ml were plated in 24-well plates (Becton Dickinson). NO synthesis was quantified by measuring the NO oxidation products (nitrate/nitrite) in the medium as previously described (48) , using a nitrate/nitrite colorimetric assay kit (Cayman Chemical, Ann Arbor, MI).
The proliferation of splenocytes from infected and uninfected hamsters in response to ConA was also measured in the presence of increasing concentrations of N-monomethyl-L-arginine (L-NMMA) (Calbiochem, La Jolla, CA), a competitive inhibitor of arginine-dependent nitric oxide synthase (31, 57) . Five hamsters were orally infected with 75 A. ceylanicum L3, and four uninfected animals served as controls. At 20 days p.i., animals were sacrificed and splenocytes stimulated in vitro in the presence of ConA (1 g/ml) mixed with splenocyte culture supernatant from either control (naïve) or previously infected (day 20 p.i.) hamsters. The effect of L-NMMA was assessed by measuring proliferation as well as the concentration of NO in splenocyte culture supernatants as described above.
Statistical analysis of data. Data in the figures and text are presented as means Ϯ standard errors. For comparison of data from infected and uninfected groups, F testing was employed to determine if Student's t test was appropriate; if the F test indicated a significant difference between standard deviations (P Ͻ 0.05), then the alternative Welch t test was employed. For multiple group comparisons, one-way analysis of variance was performed, followed by the TukeyKramer multiple comparison test. In all cases, P values of Յ0.05 were considered statistically significant.
RESULTS
Effects of A. ceylanicum infection on hamster blood hemoglobin levels and spleen weight. Hamsters (n ϭ 24) were infected with 75 A. ceylanicum L3 and followed for evidence of hookworm anemia (9, 30) . As previously observed (9, 10, 30) , blood hemoglobin levels of infected and uninfected animals were statistically equivalent at day 10 p.i., with values of 14.8 Ϯ 0.2 g/dl and 15.6 Ϯ 0.3 g/dl, respectively (Table 1) . In contrast, blood hemoglobin levels in the infected animals (8.6 Ϯ 0.7 g/dl) at day 20 p.i. were 51% lower than those in uninfected controls (16.9 Ϯ 0.1 g/dl; P Ͻ 0.0001). A significant difference in blood hemoglobin was also noted at day 30 p.i., with levels in infected animals being 37% lower than those in uninfected controls (10.8 Ϯ 0.8 g/dl versus 17.1 Ϯ 0.2 g/dl; P ϭ 0.0005). At day 70 p.i., the mean blood hemoglobin levels in infected hamsters (14.5 Ϯ 0.3 g/dl) remained depressed compared to those measured in uninfected controls (16.1 Ϯ 0.3 g/dl; P ϭ 0.02).
By day 10 p.i., the mean spleen weight of infected hamsters (161 Ϯ 5 mg) was higher than that of uninfected animals (130 Ϯ 8 mg), a difference that was statistically significant (P ϭ 0.008) ( Table 1) . By day 20 p.i., the mean weight of spleens harvested from infected hamsters (470 Ϯ 18 mg) was fourfold higher than that for uninfected controls (118 Ϯ 7 mg; P Ͻ 0.0001), and on day 30 p.i., infected hamster spleens had a threefold higher mean weight (365 Ϯ 36 mg) than did those from uninfected animals (114 Ϯ 6 mg; P ϭ 0.001). At day 70 p.i., the difference in spleen weights between infected (198 ϩ 21 mg) and uninfected (131 Ϯ 4 mg) animals remained statistically significant (P ϭ 0.02).
We also evaluated the intestinal worm burdens of infected animals at days 10, 20, 30, and 70 p.i. (Fig. 1) . The worm burdens were highest at days 10 (27 Ϯ 4 worms) and 20 (33 Ϯ 9 worms) p.i., with the lowest recorded worm yield at day 70 p.i. (5 Ϯ 1 worms). The lower mean intestinal worm burdens noted on days 30 and 70 p.i. were associated with an increase in animal weight (not shown) and blood hemoglobin level, as well as with the reduced spleen size ( Table 1) .
Effect of A. ceylanicum infection on lymphocyte proliferation in response to mitogen. In order to define the effect of hookworm infection on lymphocyte proliferation, MLN cells and splenocytes were harvested from infected and control animals Infection with A. ceylanicum impairs the activity of APCs. When whole splenocytes were stimulated with A. ceylanicum ES (Fig. 3) , modest but statistically significant increases in SI were noted for cells from infected animals at days 10 (SI of and the largest number of adult worms recovered from the intestine (Fig. 1) . At this time point, the host cellular immune response to infection was highly impaired (lowest SIs of spleen and MLN cells [ Fig. 2] and impairment of antigen processing/ presentation [ Fig. 3]) . We therefore carried out a follow-up experiment in which spleen and MLN cells were harvested from infected animals at day 20 p.i. and analyzed by FACS analysis using T-and B-cell surface markers.
As shown in Fig. 4A and B, hookworm infection was associated with diminished percentages of both CD4 ϩ and IgG ϩ lymphocyte subpopulations in the spleen. The reduction was most striking for CD4 ϩ T cells, which accounted for 8.8% Ϯ 1.1% of lymphocytes in the infected hamsters versus 29.1% Ϯ 2.7% in control animals (Fig. 4E) , a Ͼ3-fold reduction that was statistically significant (P Ͻ 0.001). In addition, the percentage of B cells was also reduced in the spleens of animals at day 20 p.i. This IgG ϩ lymphocyte population comprised 45.4% Ϯ 1.1% of the splenocytes in infected hamsters, compared to 53.3% Ϯ 2.3% in naïve animals, a difference that was also statistically significant (P ϭ 0.006).
Similar to the case for splenocytes, analysis of MLN cells by FACS also showed a reduction in the CD4 ϩ T-cell population in infected hamsters (26.5% Ϯ 2.1%) compared to that in naïve controls (54.8% Ϯ 3%; P ϭ 0.002) (Fig. 4C, D, and F) . While sorting of MLN cells using fluorescein isothiocyanateconjugated anti-Syrian hamster IgG showed a well-defined population bearing this surface marker in the MLN cells of naïve hamsters (Fig. 4C) , this marker failed to unequivocally distinguish the stained cells from the unstained cells in infected animals at day 20 p.i. (Fig. 4D) .
Histological examination of sections from enlarged MLNs taken at day 20 p.i. demonstrated the presence of activated germinal centers in samples from hookworm-infected animals (not shown). In contrast, MLNs from control (uninfected) animals were smaller, and microscopy showed no evidence of activated germinal centers. The presence of activated germinal centers is consistent with the observed loss of surface IgG found at day 20 p.i. in MLN cells and can potentially be attributed to the differentiation of B lymphocytes into mature, antibody-producing plasma cells (28) .
Hookworm infection is associated with increased secretion of NO by splenocytes. As shown in The peak of NO secretion by infected splenocytes, which was measured at day 20 p.i., corresponded to the time point at which the greatest intestinal worm burden was observed (Fig. 1) . Of note, the levels were unchanged by incubation with ConA or hookworm antigens (data not shown), suggesting that cells from infected animals constitutively secrete NO. Impairment of lymphocyte proliferation is mediated by soluble factors. Splenocytes harvested at day 20 p.i. were stimulated with ConA in the presence of supernatant from cultured splenocytes from naïve or previously infected (day 20 p.i.) hamsters (Fig. 6A) . Splenocytes from naïve animals incubated with supernatant from infected hamsters demonstrated greatly impaired proliferation in response to ConA (SI of 0.3 Ϯ 0.03 for infected supernatant versus 5.7 Ϯ 0.5 for naïve supernatant; P Ͻ 0.001). Concordant with previous observations, splenocytes from infected hamsters exhibited severely impaired proliferation in response to ConA in the presence of supernatant from infected hamsters (SI, 0.4 Ϯ 0.07) or naïve animals (SI, 1.4 Ϯ 0.2) (P ϭ 0.001).
Nitric oxide mediates lymphocyte responses to hookworm infection. In order to determine whether NO might play a role in the mechanism of impaired lymphocyte proliferative responses in the setting of hookworm infection, splenocytes harvested at day 20 p.i. were stimulated with ConA in the presence of a competitive and broad-spectrum inhibitor of NO synthase, i.e., L-NMMA. As shown in Fig. 6B , the addition of L-NMMA to cultures of infected splenocytes resulted in a concentrationdependent increase in ConA-stimulated proliferation, from a baseline SI of 1.1 Ϯ 0.4 in the absence of inhibitor to an SI of 4.7 Ϯ 0.3 in the presence of 1 mM L-NMMA. The increase in proliferative response was statistically significant (versus that for no inhibitor) for all three concentrations of L-NMMA tested (0.1 mM, 0.5 mM, and 1 mM). As expected, the incubation with L-NMMA did not influence the proliferation of splenocytes from uninfected hamsters.
L-NMMA inhibits the release of NO by hamster spleen cells. Supernatants collected from splenocytes cultured in the presence of L-NMMA (see above) were assayed for the presence of NO. The supernatants from infected splenocytes cultured in the presence of ConA without inhibitor contained a mean NO concentration of 7.6 Ϯ 0.74 M (Fig. 6C) . However, consistent with the increased in lymphocyte proliferation (Fig. 6B) , the addition of L-NMMA resulted in a concentration-dependent reduction in NO secretion (range, 2.6 Ϯ 0.5 M to 1.1 Ϯ 0.2 M; P Ͻ 0.001). Of note, the addition of L-NMMA did not impact the low baseline NO production of splenocytes from uninfected hamsters (range, 0.6 Ϯ 0.1 M to 0.5 Ϯ 0.2 M; P Ͼ 0.05).
DISCUSSION
Infection with hookworms, as with other helminths, is characterized by various degrees of suppression of host cellular immune responses (22, 40, 42, 47) . However, few studies have attempted to probe the mechanisms underlying this phenomenon in human and/or laboratory animal hosts (23, 45, 46) . In the present study, we utilized the hamster model of A. ceylanicum to characterize the modulation of host cellular immune responses and potential mechanisms underlying such immunosuppression. This model mimics the major clinical features of natural and experimental human hookworm infection and has been exploited for studies of pathogenesis as well as for drug and vaccine development (9, 10, 18, 19) .
The results presented here confirm previous observations that A. ceylanicum infection is associated with impaired lymphocyte proliferation (23, 45) , a phenomenon that has also been observed in filarial nematode infections (25, 26, 54) . By day 70 p.i., there were very few adult worms remaining in the intestine (Fig. 1) , although proliferative responses were still reduced compared to those of uninfected controls. These data provide further evidence that residual immunosuppressive effects of hookworm infection persist well beyond the peak of infection intensity and are consistent with the findings of Geiger et al. (22) . Furthermore, this observation supports the concept that even light infections with hookworm have the potential to impact host immunity and to modulate susceptibility to other pathogens, as well as responses to vaccines (7, 43) .
Evidence from these studies suggests that hookworm infection impairs host cellular immunity via multiple mechanisms, essentially triggering both "qualitative" and "quantitative" impairment in host immune responses. For example, the observation that lymphocyte proliferative capacity in response to hookworm proteins was effectively "rescued" in the presence of APCs from naïve (uninfected) hamsters (Fig. 3) demonstrates that impaired antigen processing and/or presentation constitutes at least one potential (qualitative) mechanism through which Ancylostoma hookworms impair the host immune response, as has been observed with other nematodes (41, 42) . Importantly, the fact that APC activity in splenocytes from infected hamsters was functionally deficient also confirms that the immunosuppressive effect of hookworm infection is systemic in nature, even though adult worms reside exclusively in the intestinal tract.
These investigations also demonstrate a quantitative mechanism underlying hookworm immunosuppression, namely, a reduction in the percentages of specific lymphocyte subpopulations that are likely important in mediating acquired host defenses against the parasite. These studies, which are the first to characterize alterations in lymphocyte profile in the hamster model of hookworm infection, demonstrate moderate to severe reductions in the percentages of CD4 ϩ T lymphocytes during the acute phase (day 20 p.i.) of infection. Our data corroborate reports from Nigeria and Brazil that describe reduced lymphocyte proportions of CD4 ϩ T cells in human hookworm infection (21, 47) . A decline in the proportion of CD4 ϩ T cells has also been reported for other infectious diseases associated with depressed cellular immunity, most notably human immunodeficiency virus (HIV) infection (12, 27, 37, 38) but also those caused by other viral (58), bacterial (34), protozoan (11, 24) , and helminth (17, 33, 55) pathogens.
The capacity for hookworms to downregulate host cellular immunity, potentially in additive or synergistic fashion with other pathogens, further supports the use of integrated control strategies in resource-limited countries where multiple infectious diseases, especially HIV infection, are endemic (5, 7, 43) . Although the effect of antihelminthic treatment on CD4 ϩ lymphocyte populations in this model has not yet been characterized, the data presented here support the concept that deworming HIV-infected individuals might confer benefit, at least in part, by mediating an increase in the percentage and/or number of CD4 ϩ lymphocytes (5). The data reported here strongly suggest a role for NO in suppressing lymphocyte proliferation in the context of Ancylostoma hookworm infection, as supernatants of cells harvested from infected hamsters contained up to 10-fold higher concentrations of NO than did those from naïve controls (Fig. 5) , and the proliferation of spleen cells from both naïve and infected hosts was effectively inhibited by supernatant from splenocytes of infected hamsters cultured at day 20 p.i. (Fig. 6A) . This observation indicates that the impairment of host cell proliferation, at least within the spleen, is mediated by soluble factors secreted in response to infection. The capacity of L-NMMA to rescue some of the proliferative capacity of splenocytes in response to ConA (Fig. 6B ), in association with dramatic reductions in NO secretion (Fig. 6C) , provides further evidence of a role for NO in mediating this effect, either directly or by stimulating secretion of downstream effector molecules. The fact that NO has a very short half-life in solution would suggest that the effect is due to the latter.
Depending on the cell type and model, NO has been reported to mediate both pro-and anti-inflammatory effects (4). In light of this, it is not surprising that increased secretion of NO has been associated with either a reduction in or exacerbation of pathology in various models of parasitic infection (3, 6, 20) . While NO facilitates pathogen killing by host cells, it may also exacerbate inflammatory responses that worsen disease manifestations. In the case of helminth infections, NO may play a similar role in regulating the host inflammatory response directed at parasite antigens within tissues, thus defining the regulation of NO activity as potentially important for both the host and parasite. Although much has been written about the role of NO and various cytokines in the immunopathogenesis of tissue nematode infections, e.g., filarial worms, relatively little is known about the mechanisms of immunosuppression in intestinal nematodes. Based on the cumulative data presented, we hypothesize that NO plays a direct and significant role in mediating hookworm-associated immunosuppression through its negative effects on lymphocyte proliferation. Work is currently under way in order to determine whether NO-mediated impairment of lymphocyte proliferation represents an evolutionary survival strategy of the parasite or, rather, a host defense response designed to blunt a pathogenic inflammatory response.
In summary, we report that Ancylostoma hookworm infection is associated with reduced lymphocyte proliferative capacity, impaired antigen processing/presentation, depletion of CD4 ϩ and surface IgG ϩ lymphocyte subpopulations, and increased production of the immunomodulatory compound NO. More importantly, we show that NO produced in the context of hookworm infection impairs host lymphocyte proliferation and that local inhibition of NO secretion restores proliferative capacity. These observations with the hamster model of A. ceylanicum infection are in general agreement with what has been observed in humans, namely, cellular hyporesponsiveness induced by hookworm infection (40) , with diminished T-cell populations (47) . Although impaired antigen processing/presentation and NO-dependent lymphoproliferation have not previously been reported in the context of human infection, these data from a reproducible animal model suggest that the potential impact of hookworm-induced immunosuppression should be considered in the development of strategies to reduce the global burden of this and other important parasitic diseases (7, 32) . 
